H eart failure (HF) is a disease of epidemic portions in the United States affecting over 6 million people. In slightly over one-half of affected individuals, function of the heart is reduced, as demonstrated by a decrease in ejection fraction (heart failure with reduced ejection fraction; HFrEF), and the left ventricle is dilated. New drugs that target pathways critical to progression of HF, along with implantable cardiac defibrillators and resynchronization devices, have been introduced over the past 3 decades. However, both the morbidity and mortality associated with HFrEF remains at unacceptable levels, with as many as 50% of affected individuals dying within 5 years of diagnosis. This has led investigators to evaluate the role of gene therapy in mitigating or curing HFrEF by increasing the amount of a specific protein in the heart.
The concept that a noninfectious viral vector could carry a gene of interest into a cell in the cardiovascular system was first demonstrated almost 2 decades ago by 2 laboratories in the United States. Betsy and Gary Nabel at the University of Michigan showed that retroviral vectors could transfer DNA into the arterial wall, 1 whereas Jeffrey Isner at St. Elizabeth's Medical Center in Boston used a plasmid containing the human vascular endothelial growth factor gene applied to the hydrogel polymer coating an angioplasty balloon to achieve the same result. 2, 3 More recently, investigators have tested the ability of gene therapy to change the cardiac phenotype of both animal models and patients with left ventricular (LV) dysfunction. In this review, we will briefly discuss contemporary methods for gene therapy and then focus on the specific cardiac proteins that are currently being evaluated as therapeutic targets, including: adenylyl cyclase (AC) 6 (AC6), S100A1, b-adrenergic receptor kinase-ct (bARKct), sarco/endoplasmic reticulum (SR) Ca 2+ -ATPase (SERCA2a), urocortins, and B-cell lymphoma 2 (Bcl2)-associated anthanogene-3 (BAG3; Figure) .
Figure.
Current heart failure gene therapy approaches targeted to cardiac excitation-contraction coupling. With depolarization, extracellular Ca 2+ enters by L-type Ca 2+ channels (I Ca ), triggering Ca 2+ release from the ryanodine receptor (RyR2) in the sarcoplasmic reticulum (SR). Ca 2+ in the sarcoplasm binds to troponin to initiate contraction. During diastole, Ca 2+ is resequestered in the SR by SR Ca 2+ -ATPase (SERCA2a), whose activity is regulated by phospholamban (PLB). The amount of Ca 2+ that has entered during systole is largely extruded by Na + /Ca 2+ exchanger (NCX1; utilizing the electrochemical gradient established by Na + -K + -ATPase NaK) and, to a much smaller extent, the sarcolemmal Ca 2+ -ATPase (not shown). When b-adrenergic receptor (bAR) is stimulated, cAMP is generated, which activates protein kinase A (PKA), which, in turn, increases I Ca and RyR2 activities and Ca 2+ sensitivity of myofilaments, thereby enhancing contractility. PKA also phosphorylates PLB, thereby relieving its inhibition on SERCA2a, resulting in enhanced SR Ca 2+ uptake, which improves both contraction (larger SR Ca 2+ content leading to larger intracellular Ca 2+ transients) and relaxation (faster SR Ca 2+ sequestration during diastole). Current gene therapy products (shown in rectangular red boxes) target bAR (AC6, bARKct), SR Ca 2+ uptake (SERCA2a), PLB (I-1c), and Ca
2+
cycling by RyR2 and SERCA2a (S100A1). BAG3 has multiple downstream effectors, including I Ca , myofilaments, and mitochondria; not shown are autophagy, nuclear envelope integrity, and cellto-cell communication (connexin43), also positively regulated by BAG3. Urocortins effect mainly vasodilation and are not shown here. SERCA2a indicates sarcoplasmic/endoplasmic reticulum calcium ATPase 2a.
Gene Transduction of the Heart
Both viral-and no-viral-based vectors have been used to successfully deliver genetic material to the heart. Viral vectors are generally more efficient at nucleic acid delivery, can carry relatively robust-sized genes, and have the ability to provide long-term gene expression. In fact, to date, only viral vectors have been utilized in clinical trials. Therefore, in this review, we will focus exclusively on the viral vectors that either have already been used or are presently under active investigation either in animal models or in humans for altering the expression of cardiac proteins with the aim of improving the function of the failing heart.
The Viral Vector
The viral vector is responsible for carrying exogenous genetic material from the site where it is introduced into the vasculature or directly into cells to the nucleus of a target cell. The viral genome is packaged in a protein coat called a capsid. Some capsids are surrounded by a lipid bilayer or envelope that contains proteins that facilitate coupling to targeted cells. After coupling with a specific cell-surface receptor, the virus is carried across the cell membrane and the genetic material is then trafficked to the nucleus. 4 Because viral vectors are more efficient than nonviral vectors in crossing the cell membrane, they have become the method of choice for introducing genetic material into the heart. Pathogenic genes of the parent virus have been deleted so that the viral vectors do not cause disease. Use of a viral vector, however, is not without significant challenges. Manufacturing of viral vectors is complex and requires careful oversight, and immune responses to the viral capsid can limit use in individual patients. Three types of viral vectors are presently under evaluation in the United States for targeting the cardiovascular system: lentiviral vectors, adenoviral vectors (AVs), and adeno-associated viral vectors (AAVs).
Lentiviral Vectors
Lentiviruses are enveloped, single-stranded RNA vectors that are able to transduce both dividing and nondividing cells. They display relatively robust transduction efficiency. In fact, a lentiviral vector driving transduction of SERCA2a delivered by direct injection into the hearts of mice with diminished LV function secondary to a single injection of the anticancer drug, doxorubicin, or infusion into hearts of rats with LV dysfunctions 2 weeks after a myocardial infarction (MI) by hypothermic intracoronary delivery, increased SERCA2a expression and favorably affected function and remodeling. 5, 6 In addition, LV-mediated gene therapy resulted in sustained expression of b-glucuronidase for up to 12 months in a mouse model of mucopolysaccharidosis type VII. 7 Unfortunately, lentivirus vectors have a characteristic feature that limits their usefulness for the cardiovascular system. Specifically, lentivirus vectors stably integrate into the genome their cargoes randomly integrate into the genome of the target cell with a preference for targeting to the coding regions of genes. Thus, they carry an intrinsic risk of mediating insertional oncogenesis. 8 Theoretically, risk of insertional oncogenesis might be lower in a postmitotic and: terminally differentiated cell, such as a cardiac myocyte; however, as we will see later in this discussion, no gene delivery system or promoter is 100% cardiac specific, and, for that reason, lentiviral vectors are not being used in any HF clinical trials nor, to the best of our knowledge, are they presently being investigated.
Adenoviral Vectors
AVs are nonenveloped viruses that consist of an icosahedral capsid and a linear, nonintegrating, double-stranded DNA. The vector enters the cell by clathrin-mediated endocytosis after binding with coxsackie-adenovirus receptors on the cell surface. There are 7 species of AVs and more than 50 different serotypes. 9 Production of first-generation AVs was complicated by the presence of replication-competent adenovirus contaminants resulting in viral-like symptoms. 10 [28] [29] [30] [31] AAV9 has a >200-fold increase in transduction efficiency in the mouse as compared with AAV1 whereas AAV8 transduced myocardium at %20-fold higher levels than AAV1. 25 AAV9 is best delivered by coronary infusion, 32 but can also be delivered by direct myocardial injection. 33 To the best of our knowledge, there are no headto-head comparisons of viral vectors in pigs or nonhuman primates, owing, in large part, to the cost of such experiments. Nonetheless, AAV9 has been shown to facilitate effective transduction into the myocardium of a variety of cardiac genes. [34] [35] [36] Much like a stealth bomber, AAV9 is less immunogenic because of smoothing out the edges of the AAV9 capsid. 37 Efficiency of AAV9 is also enhanced by including terminal repeats that are taken from AAV2. The designation of this variant is AAV2/9. The primary limiting factor to the use of gene therapy is that despite optimization of design, AAV vectors still demonstrate some level of immunogenicity that can lead to decreased transcription, limited biologic effects, or even development of myocarditis. [38] [39] [40] [41] The problem is not inconsequential given that preexisting neutralizing anti-AAV antibodies exist in 30% to 50% of the population 38, 42 and cross-reactivity can occur between the different serotypes. 43 The adaptive immune system can also alter the efficacy of a gene therapy approach because the antibodies to the AAV can eliminate the vector itself, thereby blunting its ability to transduce the cell. Some investigators have proposed a counterintuitive method for limiting the effectiveness of the adaptive immune system: using empty vectors to flood the system. This approach, however, requires further careful investigation. Animal models may not predict treatment outcomes in humans, despite the fact that nonhuman primates can be infected by AAVs that are closely related to those in humans. 44, 45 This is explained by the finding that preexisting T-cell responses in nonhuman primates are distinct from those in humans. 45 patients surviving at 20 months versus a historical survival rate of 8%. The patients also showed significant and marked improvements in motor function. Serum aminotransferase levels were elevated in 4 patients, but were attenuated with prednisolone. 48 Nonetheless, the most prudent approach might be to exclude individuals with high AAV antibody titers to the specific AAV serotype, careful follow-up of patients during both the early and late phases of therapy, including the use of echocardiography, electrocardiography, and biomarkers for inflammation, and development of an algorithm prestudy for treatment of inflammation should it occur.
Alternative Methods for Gene Transduction
To obviate the major disadvantage of viral-mediated gene transduction, specifically the immune response to the viral capsids, some laboratories have pursued nonviral gene transfer approaches. These have included circular plasmid DNA vectors and synthetic modified mRNA. 49 These approaches also allow for larger genes to be carried into cells and can be administered repeatedly. However, their low efficiency of gene delivery has obviated there use in either investigational studies or in therapeutic programs at present.
Methods for Gene Delivery
The methodology for delivering viral vectors to the heart has transitioned over the past decade, albeit not in a linear fashion. Initial efforts to transduce the heart utilized direct intramyocardial injection in both small 50 and large animals. 51 Whereas direct myocardial injection was able to alter levels of the target protein and, in some cases, alter cardiac function, there was general agreement that the only region of the heart in which levels of the target gene were modified was along the track of the needles. This led investigators to inject adenovirus and adeno-associated viruses into the aortic root proximal to the placement of a transaortic clamp: a technique that worked in mice and rats, but was certainly problematic for large animals or humans. 52, 53 However, early work by
Pacak et al demonstrated, in multiple animal models, that recombinant adeno-associated virus, in particular serotype 2/ 9, could effectively transduce the heart in mice when delivered intravenously, 29 and a similar approach could be used with an adenovirus. 54 Nevertheless, there was a persistent belief that AAV vectors, in particular serotype 9, were only effective at modifying cardiac gene expression when administered by retrograde infusion into the anterior interventricular vein. 55, 56 Alternatively, effective gene delivery was also thought to be optimized by using molecular cardiac surgery with recirculating delivery. 57 Most recently, preclinical studies, both in mice and large animals, have demonstrated the efficacy of antegrade intracoronary injection of viral vectors in combination with intracoronary nitroprusside and other modifying agents that improve gene transfer (eg, substance P). These studies are detailed below. However, in the absence of an approved gene therapy program for heart failure, a definitive "best practice" for gene delivery has yet to be defined.
Preclinical and Clinical Evaluation of Gene Therapy for the Failing Heart
In parallel with studies aimed at creating the optimal viral vector, cardiovascular investigators have pursued studies in animal models of HF to clarify delivery systems, optimize promoter selection, and rationalize vector selection. A group of targets have been studied using algorithms that are generally similar: target identification, gene delivery in murine models of HF, proof of concept in a large animal model (most commonly a pig HF model), toxicology, and, finally, first-in-man studies. Only 2 therapeutic options have traversed this pathway from start to finish, and no gene therapy options are presently approved for human use. Nonetheless, a review of both successful and unsuccessful targets ( Figure) is highly informative for designing and interpreting future studies.
Adenylyl Cyclase VI Background
No cardiac signaling pathway has been more thoroughly studied then AC-cAMP signaling. The role of cAMP in modulating cardiac contractility in response to epinephrine was first reported by Earl Sutherland and his colleagues in the mid-1960s. 58 That AC could serve as a target for therapy of patients with HFrEF was demonstrated in a series of studies over 2 decades by H. Kirk Hammond and colleagues at the Veteran's Administration Hospital in San Diego. In 1998, they reported that the amount of AC6 limited the ability of adrenergic agonists to stimulate the production of cAMP. 59 Subsequent studies showed that there were 2 highly homologous isoforms of AC (AC5 and AC6). 60, 61 The presence of multiple variants of both AC5 and AC6 made identification of the unique properties of the 2 isoforms initially challenging. 62 However, a series of studies by the Hammond laboratory showed that levels of AC6 decreased during HF, making it a potential target for gene therapy. 61 
Proof of Concept
The first proof of the concept that AC6 could serve as a target for the therapy of HFrEF came in 1999 when Gao et al showed that transgenic overexpression of AC increased adrenergic responsiveness without altering b-AR receptor density, G-protein content, or basal levels of cAMP. 63 When AC6-overexpressing mice were crossed with mice with HFrEF secondary to overexpression of Gq, cardiac function improved. 64 By contrast, overexpression of AC5 increased AC activity, but did not alter adrenergic responsiveness, and led to a decrease in cardiac function.
Intuitively, overexpression of AC6 might have an adverse effect on the heart during ischemia because increased cAMP generation might increase the oxygen demand/oxygen supply ratio. Surprisingly, mice with cardiac-restricted overexpression of AC6 showed a 45% reduction in mortality 7 days after an MI when compared with WT mice. 66 One explanation for this surprising outcome was that overexpression of AC6 reduced phospholamban expression secondary to upregulation of activating transcription factor 3, a transcriptional suppressor that binds to and inhibits the phospholamban promoter. [67] [68] [69] In aggregate, these studies led investigators to suggest that AC-cAMP might serve as a target for HFrEF therapy. 70 In subsequent large animal studies, Lai et al demonstrated that a single intracoronary infusion of Ad-CMV-AC6 (1.4910 12 vp) in a normal pig increased peak LV dP/dt and cardiac output: changes that were evident 6 days after gene transfer and persisted for at least 57 days. 54 When investigators administered Ad-CMV-AC6 to pigs with reduced LV function secondary to rapid ventricular pacing, AC6 improved LV hemodynamics. 71 cAMP levels were increased 1.7-fold and brain natriuretic peptide (BNP) levels were significantly reduced at 14 days.
Clinical Proof of Concept
From July 2010 to October 2014, 56 adult patients with HFrEF were randomized to an ascending dose study of the intracoronary administration of adenovirus serotype 5-cytomegalovirus-adenylyl cyclase 6 (Ad5-CMV-hAC6) or placebo. 72 Cardiovascular evaluations were performed at baseline and again at weeks 4 and 12. In subjects in the 2 high-dose groups (3.2910 11 or 1910 12 vp) Ad5-CMV-hAC6 effected a 36% increase in LV ejection fraction (LVEF) at week 4 but not at week 12. By contrast, no change in ejection fraction (EF) was observed in patients who had received placebo. Serum troponin levels were elevated in 3 patients, 1 of whom received placebo. There was no association between prerandomization anti-Ad5 titer and any efficacy end point. A phase 3 clinical trial testing the effects of intracoronary administration of Ad5-CMV-hAC6 (RT-100; 1910 12 vp) or placebo in 536 HFrEF patients is expected to start in 2018. 73 The primary end point of the study will be the reduction in the event rate of all (first and repeat) HF hospitalizations between baseline and 12 months. The study has received a fast-track designation from the US Food and Drug Administration.
Limitations and Future Studies
The major limitation of adenovirus-driven gene therapy is that the virus is not entrapped in the nucleus and is therefore cleared within %4 weeks. Despite efforts to delete the offending epitopes, adenoviruses remain substantially more immunogenic then other vectors and their use in patients with preexisting antibodies can lessen the effect of the viral vectors through neutralization. An AV backbone was used with AC6 because it is too large to fit into an AAV vector. However, recent studies have shown that portions of the catalytic domain of AC6 can reverse cardiac dysfunction caused by sustained b-adrenergic receptor (b-AR) stimulation. 74 If this or other AC6 domains show efficacy, they hold promise for successful packaging into an AAV delivery system.
G-Protein-Coupled Receptor Kinase 2 Inhibitor-bARK-ct Background
The classic signaling program that initiates an increase in cardiac contractility is composed of the b-AR, the stimulatory G protein (Gs), AC, and protein kinase A (PKA). 75 This complex signaling pathway is regulated by a number of different proteins, including a family of G-protein-coupled receptor kinases or GRKs (also referred to as b-AR receptor kinases or b-ARK), and b-arrestins, small proteins with great plasticity that desensitize G-protein-coupled receptors. Activation of the pathway occurs when an agonist (eg, norepinephrine) couples with the b-AR, which elicits a conformational change in the receptor allowing it to interact with the membranebound Gs protein. 76 Occupancy of the receptor by an agonist results in disassociation of the heterotrimeric G protein into Ga and Gbc subunits. In the case of norepinephrine, Gsa stimulates AC to produce cAMP. The heart is protected from continuous activation of the adrenergic receptors by internalization and downregulation of the b-ARs. 77, 78 Desensitization of adrenergic signaling also occurs through the actions of a family of serine/threonine kinases known as b-ARKs or GRKs. 79 GRKS selectively phosphorylate G-protein-coupled receptors, which leads to desensitization of the receptor. 80 In the heart, 3 GRKs regulate b-adrenergic signaling: GRK2 (b-ARK1), GRK3 (b-ARK2), and GRK5. The cytosolic GRK must bind to Gbc in order to translocate to the membrane, where it phosphorylates the activated receptor. 81 In the presence of continuous activation of the adrenergic receptors, desensitization requires not only a GRK, but also b-arrestins that prevent Gs from coupling to the agonist bound b-AR. 82 HF in animal models as well as in the failing human heart is characterized by multiple abnormalities in the b-AR/G-protein/AC signaling cascade, including an increase in GRK2 (b-ARK1).
77,83,84

Proof of Concept
To counteract the effects of increased expression of GRK2 in the heart, Koch et al generated a peptide consisting of the last 195 amino acids of GRK2 that contained the Gbc binding site and was cardiac targeted (b-ARKct). 84 To evaluate the effect of GRK2 inhibition on cardiac function, Rockman et al crossed mice with HF secondary to homozygous deletion of the muscle LIM protein (MLP À/À ) with mice overexpressing b-ARKct or the b2-AR. Overexpression of the b2-AR exacerbated HF whereas the GRK2 inhibitor (b-ARKct) restored adrenergic responsiveness in a variety of murine models of HF and prevented progression of disease. 85, 86 When transgenic mice with varying levels of b-ARKct underwent transverse aortic constriction for 12 weeks, mice with high levels of b-ARKct demonstrated significantly less cardiac dysfunction then WT mice. 87 
Large Animal Studies
In the first study to evaluate the efficacy of b-ARKct gene therapy in a large animal model, investigators tested the ability of adenoviral-mediated delivery of b-ARKct into ventricle of rabbits with diminished LV function secondary to coronary occlusion. 88 Contractility, relaxation and end-diastolic pressure were less impaired in rabbits that had been pretreated with b-ARKct when compared with controls. In a second study, AAV6/b-ARKct was administered by direct injection into ventricular myocardium of rats with HF secondary to cryoablation of the left anterior descending coronary artery. 50 Controls included HF rats that received AAV6-GFP (green fluorescent protein), AAV6/b-ARKct+meto-prolol, AAV6-GFP+metoprolol or saline. Both short-and longterm follow-up demonstrated that b-ARKct effected an increase in contractility, a decrease in adrenergic signaling, and a reversal of the maladaptive cardiac remodeling that characterizes HFrEF. Finally, pigs with HF secondary to 2 hours of occlusion of the circumflex coronary artery were treated by retrograde infusion with either AAV6/b-ARKct or AAV6-luciferase as a control. 55 Pigs underwent echocardiography and invasive hemodynamics 2 and 6 weeks after gene delivery. AAV6/b-ARKct infusion led to significant improvements in LV function as compared with pigs that received AAV6-luciferase control. In addition, AAV6/b-ARKct increased adrenergic responsiveness and decreased adrenergic activation as evidenced by decreased levels of norepinephrine.
Clinical Development
Several issues have delayed or limited the development of bARKct. The first is that the long-term effects of enhanced adrenergic activation have not yet been evaluated in normal large animals. This is important in view of the fact that longterm activation of the b-AR by simply including norepinephrine in drinking water can result in cardiac dysfunction. More important, the patent for b-ARKct has a very short runway, and thus the path to clinical development of AAV/b-ARKct remains unclear. Coupling b-ARKct with a unique promoter or creating an inducible promoter might result in renewed patent life, making it a more-attractive target for commercial development.
S100A1 Protein
Background S100A1 is a dimeric Ca 2+ binding protein that is expressed predominantly in the heart and, to a lesser extent, in skeletal muscle. 89 Located in the sarcoplasmic reticulum, myofilaments, and mitochondria, [90] [91] [92] spark frequency, suggesting a biphasic Ca 2+ -dependent modulation of the RyR2 through interaction with S100A1. 96 Levels of S100A1 are substantially decreased in the failing human heart at both the transcriptional and translational levels. 97 Similarly, S100A1 protein and mRNA levels were significantly decreased in rats with decreased LV function after ligation of the left anterior descending coronary artery. Intracoronary injection of ADV-S100A1 restored normal levels of S100A1 and improved SR Ca 2+ cycling. Taken together, these adaptive changes in Ca 2+ -related LV performance reversed the maladaptive remodeling that characterizes failing myocardium. 98 These results suggested that replenishment of S100A1 could enhance SR Ca 2+ -ATPase activity, thereby improving function and activating adaptive remodeling.
Proof of Concept
To confirm effectiveness of S100A1in a large animal model, Pleger et al assessed the functional consequences and safety of rAAV9-S100A1 administered retrograde by the great cardiac vein. 56 Two weeks after inducing a proximal circumflex coronary artery MI, German farm pigs were randomized to receive saline, a rAAV9-luc control virus, or rAAV9-CMV-S100A1 by retrograde infusion of the great cardiac vein. Twelve weeks later, the EF of rAAV9-S100A1 pigs was significantly greater than that of pigs that received rAAV9-luc or those that received saline, but was not different from sham pigs. Similarly, heart rate, ratio of heart weight to body weight, LV end-diastolic volume, and level of BNP mRNA were elevated in saline and rAAV9-luc groups, but not in rAAV9-S100A1 groups. At the cellular level, rAAV9-S100A1 therapy rescued the decrease in Ca 2+ transient amplitude and SR Ca 2+ uptake. Importantly, the investigators did not include a SHAMrAAV9-S100A1 group to control for any deleterious effects of enhanced SR Ca 2+ cycling in the normal heart.
In a second set of experiments, the same investigators evaluated safety and efficacy of "high" myocardial expression levels of S100A1 in a pig model of HF. 34 High-level S100A1 myocardial overexpression after AAV6-S100A1 gene delivery was compared with low-level S100A1 control samples obtained from the previous study using AAV9-S100A1-treated pigs. By contrast with the earlier study, a CMV-MLC promoter was used to drive expression and the AAV was serotype 6. The vector was again delivered by retrograde infusion of the anterior cardiac vein, which resulted in a 95-fold increase in S100A1 protein over control. AAV6-S100A1 did not demonstrate a robust decrease in BNP, had a smaller effect on EF, and had no effect on heart rate or dP/dt. In myocytes isolated from postinfarct pigs, AAV6-S100A1 had no effect on levels of RyR2, SERCA2a, or NCX1. Furthermore, studies in isolated myocytes showed that increasing doses of AAV6-S100A1 actually decreased Ca 2+ transient amplitude.
Preclinical Development
A plausible explanation for the failure to see benefits in the high-dose study in pigs could be explained by the exuberant overexpression of S100A1 (95-fold increase) that may give rise to the phenomenon of "molecular torture" in which high levels of protein expression cause a nonspecific and toxic phenotype. 99 More work will be required to clarify the dose, vation in the failing heart in both animal models and in humans is a reduction in expression of SERCA2a at both the mRNA and protein level. [100] [101] [102] [103] [104] [105] [106] This led to efforts in both rats and pigs to assess the effectiveness of increased levels of SERCA2a in ameliorating the HF phenotype.
Proof of Concept
Ad-CMV-SERCA2a was introduced into the coronary arteries of rats with LV dysfunction secondary to transverse aortic constriction by injecting into the aortic root after crossclamping the aorta. Rats that had undergone sham surgery and received Ad/b-galactosidase (b-gal) served as controls. Two to 3 days postinjection, Ad/b-gal mice demonstrated a significant decrease in SERCA2a activity when compared with nonfailing sham controls. In addition, the +dP/dt decreased from 8.43 in sham rats to 4.83 mm Hg/s in the Ad/b-gal mice. 104 
Preclinical Development
The first investigational new drug-enabling study was performed in Yorkshire-Landrace pigs with LV dysfunction and LV dilatation secondary to percutaneous dissection of the chordae tendinea of the mitral apparatus. 107 Two months after the surgical intervention, pigs received an intracoronary injection of either AAV1-CMV-SERCA2a (10 12 vp) or saline. No significant differences were found between the rAAV1-SERCA2a group and the saline group in heart rate, peak LV pressure, and end-diastolic pressure. By contrast, SERCA2a effected a modest improvement in LVEF (61.5AE7.4% versus 70.6AE3.5%; P<0.05) and dP/dt max (1396AE383 mm versus 1822AE317 mm Hg/s; P<0.05). Infection with rAAV1-SERCA2a also increased SERCA2a protein and mRNA levels and decreased BNP levels, but had no effect on phospholamban levels.
Clinical Development
In the pig studies, the inverted terminal repeat sequence of AAV2 replaced the corresponding sequence in AAV1. 108 The CMV enhancer/promoter drove expression of the transgene. The buffer without vector served as the placebo, and the construct was delivered using standard antegrade epicardial coronary artery Infusion. The results of the initial 9 patients to receive open-labeled AAV1-SERCA2a who were part of the first-in-human phase ½ trial were reported in 2009. 40 Patients received a single intracoronary infusion of AAV1-SERCA2a. Several subjects showed improvements from baseline to 6 months whereas 2 patients who failed to improve had preexisting anti-AAV1 neutralizing antibodies. These results supported transition to a phase 2 double-blind, placebocontrolled study. The results of the phase 2 trial with AAV-SERCA were reported in 2011. 41 The primary end point was prospectively defined and was based on patients meeting group-level, individual-level, and outcome end points. 40 A detailed discussion of the intricate and complex analytic methodology used in this study is outside of the scope of this article, but the interested reader is referred to the 2 CuPID publications. 40, 41 In brief, only the high-dose group met the prespecified criteria for success at the group-level, individual-level, and outcome analyses (cardiovascular hospitalizations) at 6 and 12 months. However, there were obvious differences between baseline characteristics for the placebo and AAV1-SERCA2a groups and variations in the timing of the entry of a group of placebo patients that might have biased the result, even though the investigators assiduously, but retrospectively, stratified all patients based on prestudy demographics and the 2 entry groups. These concerns are moot because the phase IIb study (CuPID 2) was discontinued by the sponsor because of futility. 109 The most important information to come out of CuPID and CuPID 2 was that there were no adverse safety signals across all studies and all doses of AAV1-SERCA2a. Furthermore, the CUPID studies demonstrate the importance of comparable baseline demographics in the control and treatment groups regardless of study size in order to avoid statistical bias.
Cardiac I-1c Background
As noted above, a key constituent in the homeostatic regulation of Ca 2+ is SERCA2a, which is negatively regulated by phospholamban. 110 Phosphorylation of phospholamban, through either activation of PKA or calcium-calmodulin kinase II (CaMKII), relieves the inhibitory effects of phospholamban on SERCA2a, thereby facilitating the uptake of Ca 2+ from the SR. Phospholamban levels are decreased in animal models of HF 111 and in humans, and levels return to normal with restitution of normal cardiac function. 100 The decrease in phosphlamban in failing hearts appear to be related to the degree of ventricular dysfunction given that modest changes in LV function do not appear to alter levels of phospholamban. 112 Phospholamban expression is regulated by a diverse group of signaling events. 113, 114 Recent attention has focused on 1 of its most important regulators-protein phosphatase-1 (PP1). PP1 dephosphorylates phospholamban, resulting in inhibition of SERCA2a. PP1 activity is elevated in HF; however, it can be inhibited by the naturally occurring regulatory protein-the inhibitor of protein phosphatase-1 or (I-1). The increase in PP1 activity is attributed, in part, to a reduction in levels and activity of I-1.
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Proof of Concept
Transgenic mice with either chronic or inducible expression of constitutively phosphorylated and truncated inhibitor-1 (I-1c) increased phosphorylation of phospholamban, enhanced contractility, and was cardioprotective in pressure overload, chronic adrenergic activation, and ischemia-reperfusion injury. [118] [119] [120] Furthermore, overexpression of I-1c showed benefits in both rat and pig HFrEF models by reducing remodeling and/or scar size. 118, 119 However, it should be noted that in mice subjected to transverse aortic constriction, administration of an AAV9-vector-expressing I-1c under control of a human troponin T-promoter (AAV9-I-1c; 2.8910 12 vp), as compared with a control vector, effected LV hypertrophy as well as reduced contractility. Pressurevolume loops revealed significant impairment of contractility after AAV9-I-1c. At the molecular level, transverse aortic constriction mice showed hyperphosphorylation of phospholamban and augmented cardiac contractility, but I-1c failed to protect against remodeling in response to stress. 121 These results were consistent with an earlier study showing that I-1c improved LV function in young mice was associated with the development of a dilated cardiomyopathy in old mice and led to lethal catecholamine-associated ventricular tachycardia.
122
In that study, however, I-1c was overexpressed in the absence of endogenous I-1.
Preclinical Development
In an initial study, Yorkshire pigs with post-MI LV dysfunction received an intracoronary injection of either AAV9-CMV-I-1c (2.5910 12 vp) or saline. 123 One month after MI, pigs had a significant reduction in EF (46.4%) and impaired dP/dt max and dP/dt min . Control animals demonstrated a small reduction in EF whereas AAV9-CMV-I-1c-treated animals demonstrated a modest increase in EF. However, the difference between the decrease in controls and increase in the active treatment group resulted in an overall modest increase in EF. Long-term electrocardiographic monitoring showed 2 episodes of ventricular tachycardia in each group. Expression in the border zone and scar tissue of the heart were not substantially greater than that observed in liver or lung, and only a small amount of expression was observed in the right ventricle. The vector was made by the investigators using a well-characterized human constitutively active I-1c that had been truncated to remove the S67 and T35D domains. In a second study, Yorkshire pigs with HFrEF secondary to a large anterior MI were injected with I-1c transgene driven by a novel cardiotropic viral vector consisting of the BNP116 vector packaging the CMV enhance/promoter and I-1c at either high or low dose. 124 The EF increased from 38.8% to 40.4% in the high-dose group and fell from 43.3% to 40.0% in the low-dose group. The EF fell from 37.2% to 34.5% in the control. The investigators converted the change in EF in the high-dose group to an increase of 5.7% and the decrease in control to a decrease of 7%-which together equaled an "increase" of nearly 15%. The high dose of the vector showed relative expression that was comparable with that observed with AAV9 in an earlier study. 125 The investigators also showed very high expression of AAV9 in the liver-something that is not routinely observed with the AAV2/9 vector.
Future Clinical Development
Because of the modest size of the increase in EF clinical evaluation may require a substantial number of patients to see a statistical outcome. Therefore, unless subsequent studies demonstrate a more robust effect of I-1c gene therapy it is unlikely that sponsors would support further clinical evaluation. None the less, a modest increase in EF may be safer and more effective long term than a robust effect on EF given that the inotropic effect will theoretically continue throughout the life of each cell.
The Urocortins Background
The urocortins are an endogenous peptide hormone group comprising urocortin1, urocortin2, and urocortin3 that are regulated by corticotropin-releasing factor. Corticotropinreleasing factor and urocortin1 can induce cellular injury through release of the proinflammatory cytokine, tumor necrosis factor-alpha (TNF-a), and mast cell proteases. 126, 127 By contrast, urocortin2 and urocortin3 have inotropic, lusitropic, and chronotropic effects attributed predominantly to their robust vasodilatory effects. 128 Preclinical studies in which the agents were infused in large animals as well as evaluation in patients with acute decompensated HF have demonstrated beneficial effects of urocortin2 and urocortin3 on LV function. 129, 130 The major impediment to the translation of laboratory evaluation and short-term administration to patients with acute decompensation has been that both urocortin2 and urocortin3 have very short half-lives in the peripheral circulation (minutes). Furthermore, urocortin2, but not urocortin3, significantly decreased fasting glucose levels, suggesting that urocrotin2 might be most effective in patients with diabetes mellitus whereas urocortin3 could be more useful in patients with normal glucose metabolism. Because of its short half-life, investigators hypothesized that levels of urocortin2 and/or urocortin3 could be modified using gene therapy.
Proof of Concept
In an initial group of experiments, mice were treated with either AAV serotype-8-chicken-b-actin-urocortin3 (AAV8-CBAmUCn3), AAV8-CBA-mUCn2, or a saline control. 131 Both urocortin2 and urocortin3 significantly decreased systolic blood pressure, diastolic blood pressure, mean arterial pressure, and LVEF as well as decreasing the end-diastolic dimension, and the end-systolic dimension without a change in heart rate. However, urocortin2, but not urocortin3, gene transfer reduced fasting glucose and increased glucose disposal. Urocortin gene therapy was also associated with significant changes in calcium homeostasis without a change in markers of HF. In a second group of experiments, mice with LV dysfunction secondary to cryoinjury of the left ventricle received either intravenous administration of AAV8-CBA-mUCn3 (1.9910 13 genome copies/kg-5910 11 genome copies/ mouse) or a saline control. 132 Mice randomized to urocortin3 gene therapy demonstrated increased plasma urocortin3 (from 0.1AE0.01 versus 5.6AE1.1 ng/mL) and a modest increase in the LVEF (28AE1 versus 37AE1). However, there was no significant difference in end-diastolic dimension, endsystolic dimension, or heart rate. The increase in contractility was not associated with significant changes in HF markers, including phospholamban, ryanodine receptor, or phosphorylated troponin I or protein kinase A. Urocortin3 gene therapy had no effect on amount of fibrosis or on common markers of hypertrophy. Levels of atrial natriuretic peptide and BNP mRNA, markers of adaptive cardiac remodeling, decreased significantly with AAV8-mUCn3.
Clinical Development
Although the effects of urocortin2 and 3 on cardiac function is intriguing, the hypoglycemic effects of urocortin2 and the fact that gene therapy cannot be titrated make its use in nondiabetics or diabetics potentially problematic. In the case of urocortin3, preliminary studies in mice suggest that the primary mechanism responsible for the salutary effects of urocortin is improved LV Ca 2+ handling and potentially increased expression of LV SERCA2a. Therefore, additional safety and efficacy studies in a large animal model would facilitate moving the therapy from the laboratory to the clinic.
Bcl2-Associated Anthanogene 3
Background B-cell lymphoma 2 (Bcl2)-associated athanogene 3 (BAG3) is a 575-amino-acid protein that is expressed predominantly in heart, skeletal muscle, brain, and in many cancers (see previous reviews 133, 134 ). It is highly conserved in nature, with homologs being found in fruit flies, invertebrates, silkworms, and even plants. The protein carries out multiple functions in the cell. Specifically, BAG3 mediates chaperone-assisted autophagy by serving as a cochaperone with Hsc70/Hsp70, blocks apoptosis by coupling with Bcl-2, preserves integrity of the sarcomere by coupling the actin filaments with the Z disc, and enhances b-agonist-stimulated excitation-contraction by linking the b-adrenergic receptor and the L-type Ca 2+ channel. [135] [136] [137] Recent studies suggest that BAG3 also binds with lamin B to support the integrity of the nuclear envelope and protects the heart from ischemia-reperfusion injury. This panoply of diverse effects is facilitated by presence of multiple protein-protein binding domains within the BAG3 protein.
BAG3 levels are significantly reduced by %50% in hearts with diminished LV function, including: mice with LV dysfunction secondary to a MI or transaortic constriction; mice with LV dysfunction attributed to homozygous deletion of the MLP gene; pigs with cardiac dilation after an MI; and humans with both ischemic and nonischemic dilated cardiomyopathy. 136, [138] [139] [140] [141] That decreased levels of BAG3 can be causative of LV dysfunction has been shown by the fact that truncation or deletion mutations in BAG3 that excise the BAG region of the protein segregate with affected family members and are associated with haploinsufficiency of BAG3. 141, 142 More recently, an epidemiological study from the European Genetic Cardiomyopathies Initiative found that dilated cardiomyopathy attributed to BAG3 variants was characterized by high penetrance in carriers aged >40 years and a progression in the disease that was more aggressive than that observed in patients without BAG3 mutations. 143 Recently, phenotypic refinement of HF in a national biobank found BAG3 as a genetic signal that independently of clinical HF risk factors is associated with subclinical LV dysfunction, thereby corroborating earlier data implicating BAG3 as a bona-fide disease susceptibility gene for dilated cardiomyopathy. Although not "causing" a dilated cardiomyopathy, loss-of-function missense mutations can alter the HF phenotype.
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Proof of Concept
Mice with LV dysfunction secondary to a previous left coronary artery ligation were injected retro-orbitally with either AAV9-CMV-BAG3 or AAV9-CMV-GFP. 145 Controls consisted of shamoperated animals that then received either AAV9-CMV-BAG3 or AAV9-CMV-GFP. MI-GFP mice demonstrated a significant decrease in LVEF at 1 week post-MI with a progressive diminution in contractility over time. By contrast, mice that suffered MI and were injected with AAV9-BAG3 had a significantly higher LVEF at 9 days postinjection with continued improvement at 3 weeks postinjection. Importantly, injection of AAV9-BAG3 had no effect on LVEF in sham mice when compared with sham mice that received rAAV9-GFP. In a second set of experiments, mice with LV dysfunction secondary to deletion of 1 allele of BAG3 and haploinsufficiency were injected with AAV9-CMV-BAG3 or AAV9-CMV-GFP. 144 The EF decreased gradually over time in the haploinsufficient BAG3 +/À mice when compared with BAG3 +/+ controls. Injection of AAV9-BAG3 into the retro-orbital plexus of BAG3 +/À mice markedly improved LV function consistent with that seen in BAG3 +/+ mice.
It is interesting to note that unlike previous gene therapy approaches which directly (S100A1, SERCA2a, and I-1c) or indirectly (bARKct, AC6) target Ca 2+ cycling proteins, BAG3
has only a modest effect Ca 2+ homeostasis (L-type Ca 2+ channel) that is only apparent in isolated myocytes in the presence of isoproterenol. The dominant processes that influence cardiac function and survival after BAG3 expression are critical cellular processes, such as apoptosis, autophagy, sarcomere integrity, nuclear envelope integrity, and cell-to-cell communication, all of which are altered in HF. Viewed in this context, the multiple effects of BAG3 may confer a theoretical advantage over other gene therapy approaches which target single pathways. In addition, by targeting individuals with haploinsufficiency of BAG3 secondary to a deletion or truncation, BAG3 stands as the only gene therapy for pure dilated cardiomyopathy presently undergoing development that focuses on replacing the output of a missing allele or gene "replacement" therapy. For example, gene therapy for the cardiovascular complications of Danon disease focus on treatment of hypertrophic cardiomyopathy. And, finally, AAV9-BAG3 appears to be unique, in that therapy of WT mice does not result in increased contractility suggesting that long-term therapy in patients with haploinsufficiency would be safe.
Future Clinical Development
AAV9-BAG3 requires large animal efficacy and safety studies (including toxicology) to provide the requisite data for an investigational new drug.
Summary
Gene therapy for patients with HF is now on the cusp of being successfully translated from the laboratory to the clinical arena. It is no longer a theoretical vision, but a realistic opportunity for the future treatment of patients with HFrEF. This transition is attributed to an increased understanding of the optimization of the various AAV serotypes, a better understanding of the efficacy of the various cardiac-restricted promoters, and clarification of the most effective delivery systems. Although recent studies in humans did not prove efficacious, they were of great importance because they demonstrated the safety of gene therapy and defined the methods for gene delivery. Nonetheless, challenges remain. First, the development of AAVs that are nonimmunogenic will allow treatment of patients with preexisting AAV antibodies and will obviate, or at least lessen, the risk of the development of adaptive immunity. Second, the construction of AAVs that can package large genes will facilitate the generation of new therapies for individuals with mutations that are not currently approachable (eg, titin and lamin) or that require indirect approaches. Third, the identification of new HFrEFcausing mutations in large-scale genomic studies, such as the recently initiated All of Us study, will expand the number of patients who can benefit from gene therapy. And, finally, development of highly cardiac trophic vectors may allow therapy to be delivered intravenously rather than intracoronary with comparable or greater efficiency of transduction.
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